Purpose: To evaluate the association between aortic curvature and other preoperative anatomical characteristics and late (>1 year) type Ia endoleak and endograft migration in endovascular aneurysm repair (EVAR) patients. Methods: Eight high-volume EVAR centers contributed 116 EVAR patients (mean age 81±7 years; 103 men) to the study: 36 patients (mean age 82±7 years; 31 men) with endograft migration and/or type Ia endoleak diagnosed >1 year after the initial EVAR and 80 controls without early or late complications. Aortic curvature was calculated from the preoperative computed tomography scan as the maximum and average curvature over 5 predefined aortic segments: the entire infrarenal aortic neck, aneurysm sac, and the suprarenal, juxtarenal, and infrarenal aorta. Other morphological characteristics included neck length, neck diameter, mural neck calcification and thrombus, suprarenal and infrarenal angulation, and largest aneurysm sac diameter. Independent risk factors were identified using backward stepwise logistic regression. Relevant cutoff values for each of the variables in the final regression model were determined with the receiver operator characteristic curve. Results: Logistic regression identified maximum curvature over the length of the aneurysm sac (>47 m −1 ; p=0.023), largest aneurysm sac diameter (>56 mm; p=0.028), and mural neck thrombus (>11° circumference; p<0.001) as independent predictors of late migration and type Ia endoleak. Conclusion: Aortic curvature is a predictor for late type Ia endoleak and endograft migration after EVAR. These findings suggest that aortic curvature is a better parameter than angulation to predict post-EVAR failure and should be included as a hostile neck parameter.
Introduction
Endovascular aneurysm repair (EVAR) in patients with hostile neck is associated with a higher risk for type Ia endoleak and endograft migration. [1] [2] [3] [4] [5] [6] [7] [8] [9] Among the hostile neck characteristics are short length, large diameter, mural thrombus, calcification, and angulation, in addition to maximum aneurysm diameter. The influence of each individual variable on early or late proximal neck failure is unknown. Intraoperative and early (<1 year) complications may be associated with anatomical characteristics that impede procedure success, initial endograft fixation, and optimal positioning of the endograft within the aortic neck, while late (>1 year) complications may rather be associated with progressive changes in aortic neck morphology and thus preoperative anatomical characteristics that may change over time.
Aortic curvature expressed over the juxtarenal aorta, aneurysm sac, and terminal aorta was recently found to be an independent predictor of intraoperative type Ia endoleaks. 10 The purpose of this study was to identify preoperative hostile neck characteristics that are predictors of late failure of endograft fixation and apposition in the aortic neck.
Methods

Study Population
Fifty-one patients were identified who were treated for significant proximal endograft migration (>10 mm) or a type Ia endoleak >1 year after the initial EVAR procedure between 2005 and 2016 in 6 Dutch high-volume EVAR centers. Fifteen patients were excluded owing to missing preoperative computed tomography angiography (CTA) scans for digital processing, leaving 36 patients (mean age 82±7 years; 31 men) for further analysis. Twenty-six (72%) patients developed a type Ia endoleak, 7 (19%) significant endograft migration (>10 mm), and 3 (8%) both a type Ia endoleak and significant migration over a median 37 months [interquartile range (IQR) 25-53] after EVAR.
A control cohort comprised of 80 consecutive patients (mean age 81±7 years; 72 men) without early or late proximal neck complications were collected from 3 sites participating in the ANCHOR study: Yale School of Medicine (New Haven, CT, USA), University of Alabama, (Birmingham, AL, USA), and St. Antonius Hospital (Nieuwegein, the Netherlands). The control group was treated prior to the availability of EndoAnchors, but all patients were treated after January 1, 2009. Patients were included when they had received a preoperative and a postoperative CTA scan. This control cohort was also used in a previous study on the association between aortic curvature and intraoperative type Ia endoleaks. 10 The median CT follow-up time in the control cohort was 18 months (IQR 9-33).
Investigational review board approval was obtained, with exemption from patient consent for review of anonymized CT datasets. Imaging protocols were performed according to each institution's standard of care. The patients were treated with a variety of stent-grafts in the initial EVAR procedure: Endurant and Talent (Medtronic, Minneapolis, MN, USA), Zenith (Cook Medical, Bloomington, IN, USA), Excluder (W.L. Gore & Associates, Flagstaff, AZ, USA), AFX/Powerlink; (Endologix, Irvine, CA, USA), and Aorfix (Lombard Medical, Oxfordshire, UK).
Measurement Protocol
Anatomical characteristics were determined on the preoperative CTA scan. Measurements were performed on a 3mensio vascular workstation V7.2 (Pie Medical Imaging BV, Maastricht, the Netherlands) by 3 independent, experienced observers. The measurement methods for determining anatomical neck characteristics and calculating curvature were similar to those in previous publications regarding the association between anatomical characteristics and intraoperative type Ia endoleaks. 10, 11 A center lumen line (CLL) was drawn semiautomatically from 40 mm above the lower renal artery orifice to the aortic bifurcation and adjusted manually if necessary. The measurements included aortic neck diameter at the level of the lower renal artery, neck length from the lower renal artery to the distal end of the aortic neck (10% increase in aortic diameter as compared to the neck diameter at the level of the lower renal artery), largest aneurysm sac diameter, suprarenal and infrarenal angulation, neck thrombus thickness and circumference, and calcification thickness and circumference. Suprarenal angulation was measured as the angle between 3 fixed points on the CLL 20 mm proximal of the lower renal artery at the level of the lower renal artery and at the distal end of the aortic neck. Infrarenal angulation was measured by 2 methods, each including the same 2 proximal fixed points on the CLL: the lower renal artery and distal end of the neck. The third point was measured along the CLL (1) 40 mm distal of the aortic neck and (2) at the aortic bifurcation. This method has previously been described by Ouriel et al. 12 Anatomical landmarks identified the origin of the lower renal artery, distal end of the aortic neck, and the aortic bifurcation. Cartesian coordinates of the CLL were exported from 3mensio into proprietary software developed in MATLAB 2015b (The MathWorks, Natick, MA, USA) for further analysis. The software automatically calculated the maximum and average curvature over 5 specific segments of the aortic trajectory. Two segments were anatomically defined, being the aortic neck and aneurysm sac. The aortic neck was defined between the lower renal artery and the distal end of the neck. The aneurysm sac was defined between the distal end of the neck and the centerline bifurcation to the common iliac arteries or, in case of a single centerline, 20 mm proximal to the aortic bifurcation. The aortic segment surrounding the lower renal artery origin was subdivided into suprarenal (30 to 10 mm proximal of the lower renal artery), juxtarenal (10 mm proximal to 10 mm distal of the lower renal artery), and infrarenal (10 to 30 mm distal of the lower renal artery) segments (Figures 1 and 2) .
Based on the preoperative anatomical characteristics, compliance with the manufacturer's instructions for use (IFU) was analyzed for each of the cohorts. The IFUs of the presented devices included neck length (>10-15 mm), minimum neck diameter (>18-19 mm), maximum neck diameter (<26-32 mm), and infrarenal angulation (<60°-90°). Additionally, the IFU of the Zenith endograft included suprarenal angulation (<45°) and Endurant II excluded patients with "significant" mural neck thrombus or neck calcification, which has been defined as >25% of the circumference and/or >2 mm thickness. Other manufacturers do not include mural neck thrombus and neck calcification but only refer to them as "key anatomic elements that may affect successful exclusion of the aneurysm."
Statistical Analysis
Differences in continuous anatomical characteristics were calculated with a 1-way analysis of variance (ANOVA). Differences in the implanted devices were tested with cross tabulation and the Pearson chi-square test. Since the complication cohort included a large quantity of older devices (eg, Talent), an ANOVA subanalysis was performed to verify whether the same anatomical characteristics apply to patients treated with older vs newer generation devices within this cohort. Differences in compliance with the IFU for both cohorts were tested with Fisher exact test. Normality was tested with the Shapiro-Wilk test. All variables except neck diameter were non-normally distributed; therefore, all variables are described as medians (IQR).
Independent risk factors for late complications were identified with a logistic regression model. Potential input parameters for the model were neck diameter, neck length, largest aneurysm sac diameter, suprarenal angulation, infrarenal angulation, infrarenal angulation to the bifurcation, neck thrombus thickness and circumference, neck calcification thickness and circumference, and maximum and average curvature over the 5 aortic segments. Highly intercorrelated variables were tested with the Pearson correlation coefficient and excluded to reduce the effects of multicollinearity. 13 For highly intercorrelated variables with R>0.7, the paired variable with the lowest p value from the ANOVA was included in the regression model. Backward stepwise logistic regression eliminated variables with least significance until significance of all remaining variables was <0.05.
The sensitivity and specificity of each variable in the final regression model were expressed with receiver operator characteristic (ROC) curves. The ROC analysis was used to define suitable cutoff values for predicting late type Ia endoleak or endograft migration >10 mm. The optimal cutoff value was defined as the value where the average of both sensitivity and specificity was maximized. The areas under the ROC curve were given with the 95% confidence interval (CI). P values were considered significant when the 2-tailed α was <0.05. Statistical analysis was performed with SPSS (version 23; IBM Corp, Somers, NY, USA).
Results
Univariate Analysis
Anatomical characteristics of the late complication and control cohorts are reported in Table 1 . Neck length, largest aneurysm diameter, mural neck thrombus, and maximum curvature over the juxtarenal aorta and aneurysm sac were significantly different between the cohorts. The location of the maximum curvatures relative to the lower renal artery was not significantly different between the cohorts. Suprarenal and infrarenal angulations were not significantly different. A significant difference in the implanted devices was found, with more old-generation devices in the complication cohort. The subanalysis of the complication cohort identified average curvature over the juxtarenal aorta as the only anatomical characteristic that was different for patients treated with older vs newer-generation devices (p=0.037). In the complication cohort, 14 (39%) patients complied with the IFU, while in the control cohort, 54 (68%) patients met the IFU criteria (p=0.005). A subanalysis of the devices with and without suprarenal anchoring in the complication cohort revealed no significant difference in terms of time to onset of the complication and anatomical characteristics that are specified in the IFU (Table 2) .
Multivariate Regression Analysis
The highly intercorrelated variables (infrarenal angulation to the aortic bifurcation, mural neck thrombus thickness, neck calcification thickness, average curvature over the entire infrarenal aorta, and maximum curvature over the infrarenal aortic segment) were excluded prior to the regression analysis. The other variables, including neck diameter, neck length, largest aneurysm sac diameter, suprarenal angulation, infrarenal angulation, mural neck thrombus circumference, neck calcification circumference, and maximum curvature over the suprarenal, juxtarenal, and infrarenal aorta and aneurysm sac were entered into the regression analysis.
Significant predictors for late type Ia endoleak and migration were maximum curvature over the trajectory of the aneurysm sac (p=0.023), largest aneurysm sac diameter (p=0.028), and mural neck thrombus (p<0.001; Table 3 ). Suprarenal angulation and infrarenal angulation were not predictors of late type Ia endoleak and migration. The Hosmer-Lemeshow chi-square was 4.556 (p=0.804), indicating good model fit. There was no significant difference between patients treated with older vs newer-generation devices within the complication cohort for these predictors (p=0.962, p=0.646, p=0.765 for curvature over the aneurysm sac, largest aneurysm sac diameter, and neck thrombus circumference, respectively).
The median centerline distance between the location of the maximum curvature expressed over the aneurysm sac and the baseline at the lower renal artery was 43.6 mm (IQR 20.8-68.6) for the complication cohort and 50.6 mm (IQR 32.6-69.8) for the control cohort.
ROC Analysis
The area under the ROC curve of the predicted values of probability from the regression model was 0.801 (95% CI 0.717 to 0.886, p<0.001), which was better than any of the individual variables in the final model (Figure 3) . The optimal cutoff values for maximum curvature over the aneurysm sac, largest aneurysm sac diameter, and neck thrombus circumference were 47 m −1 , 56 mm, and 11°, respectively. Sensitivity and specificity at the cutoff levels were 0.727 and 0.605, respectively, for maximum curvature over the aneurysm sac; 0.818 and 0.605, respectively, for the largest aneurysm sac diameter; and 0.667 and 0.815, respectively, for neck thrombus circumference.
Discussion
Maximum aortic curvature expressed over the aneurysm sac is a strong predictor of late type Ia endoleak and endograft migration >10 mm, while suprarenal and infrarenal neck angulation were not predictors. A previous study also identified curvature expressed over the infrarenal neck and the aneurysm sac as a predictor for intraoperative type Ia endoleak. 10 Contrary to intraoperative type Ia endoleaks, maximum curvature over the aneurysm sac was more predictive for late failure than average curvature. The maximum curvature over the trajectory of the aneurysm sac was mostly located in the proximal part of the sac, with a median distance of 43.6 mm (IQR 20.8-68.6) below the lower renal artery origin for the complication cohort.
The predictive values of large aneurysm sac diameter and short neck length are widely supported by the literature.
1,2,4,5,8,9 Short neck length was not identified as an independent predictor of late type Ia endoleak and migration in this study, although it was significantly different in the univariate analysis, with medium lengths of 14.0 mm and 24.1 mm for the complication and control cohorts, respectively. The substantial difference suggests that short neck length should not be excluded as a predictor of late failure of endograft sealing. The associations between proximal neck complications and mural neck thrombus and neck calcification are less clear in the literature, which may be caused by the diversity in onset of the complications throughout these studies. 1, 2, 7, 9, 14 When comparing our previous study 10 with this one, the results suggest that neck calcification is associated with early complications, while mural neck thrombus is rather associated with late (>1 year) sequelae. Acute complications may be associated with factors that increase the procedure difficulty (tortuous aorta) or immediately impede sufficient fixation and sealing (neck calcification); later failure may be associated with factors that do not provide a stable environment and are prone to change over time (high curvature, mural neck thrombus, and large aneurysm diameter). Large aneurysm diameter and high curvature over the proximal part of the sac may reduce positional stability, causing lateral movement of the endograft in the sac, which Waasdorp et al 15 associated with late adverse events. The complication cohort includes a relatively large portion of devices without suprarenal anchoring (eg, Talent). The 10 migration cases were all Talent endografts, supporting the theory that suprarenal hooks or pins are needed to counteract migration. Mural neck thrombus may further increase the risk of migration for devices without suprarenal anchoring.
Significantly more patients were treated outside the IFU in the complication cohort than in the control cohort (61% vs 32%). Apart from aortic curvature, mural neck thrombus and neck calcification are not included or are poorly defined in the IFUs of the reported devices. In the current study, these variables were identified as important predictors of late failure, which is in line with earlier findings of Bastos Gonçalves et al. 8 Infrarenal neck angulation, which is included in the IFUs, was not found to be predictive of proximal neck failure, also as reported earlier, 8 which suggests that the IFUs may not be concise and complete in identifying patients at risk for proximal neck failure. In Figure 3 . Receiver operating characteristic (ROC) curve of the variables in the final logistic regression model and the predicted probability of the final model. The model provides the best sensitivity and specificity, followed by mural neck thrombus circumference, largest aneurysm sac diameter and maximum curvature expressed over the aneurysm sac. AUC, area under the receiver operating characteristic curve; CI, confidence interval; SE, standard error. other words, maximum curvature should be added to the IFU.
Limitations
The number of patients in the complication cohort was relatively small, although the cohort consists of a very specific population of patients with late type Ia endoleak and significant migration. Since early and late complications are often combined in the literature, this study, together with our earlier publication considering intraoperative type Ia endoleak, 10 adds to the understanding of the association between morphological aortic parameters and the onset of complications.
A second limitation is that the late complication cohort was treated between 2005 and 2011, while the control cohort was treated between 2009 and 2012. Therefore, the late complication cohort was treated with a larger quantity of older devices, and lower standards of care may have been applied to this cohort than to the control cohort. However, our subanalysis of the complication cohort showed no significant difference for the identified predictors between older and newer devices, indicating that the same morphology applies to patients treated with both older and newer devices.
CTA scan follow-up of the control cohort was shorter than the complication cohort, mainly due to the switch to duplex ultrasound follow-up when the last CT scan did not indicate complications. Another limitation is the lack of evaluation of the endograft position in the aortic neck at the first postoperative CT scan. The endograft position may be a good indicator for future failures of sealing and to predict the durability of the procedure.
The current study focuses on the proximal fixation zone and not on the occurrence of type Ib endoleaks or distal complications, which are also important reasons for post-EVAR failure.
Conclusion
Aortic curvature, expressed as the maximum value over the aneurysm sac, is a strong predictor of late failure of endograft sealing and fixation in the aortic neck, together with aneurysm sac diameter, mural neck thrombus, and, to lesser extent, neck length. Aortic angulation was not predictive. These findings suggest that aortic curvature is a better parameter than angulation to predict post-EVAR failure and should be included as a hostile neck parameter.
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